Graphene has been recognized as a promising 2D material with many new properties. However, pristine graphene is gapless which hinders its direct application towards graphene-based semiconducting devices. Recently, various ways have been proposed to overcome this problem. In this study, we report a robust method to open a gap in graphene via noncovalent functionalization with porphyrin molecules. Two type of porphyrins, namely, iron protoporphyrin (FePP) and zinc protoporphryin (ZnPP) were independently physisorbed on graphene grown on nickel by chemical vapour deposition (CVD) resulting in a bandgap opening in graphene. Using a statistical analysis of scanning tunneling spectroscopy (STS) measurements, we demonstrated that the magnitude of the band gap depends on the type of deposited porphyrin molecule.The π-π stacking of FePP on graphene yielded a considerably larger band gap value (0.45 eV) than physisorbed ZnPP (0.23 eV). We proposed that the origin of different band gap value is governed due to the metallic character of the respective porphyrin.
Introduction
The development of novel techniques to produce highly crystalline monolayer graphene on the surface of transition metals is bringing graphene-based applications a step closer [1] [2] [3] [4] [5] [6] . However, the absence of band gap around the Fermi level in graphene is hampering its application in nanoelectronic and photonic devices [2] , since an energy gap is necessary to fabricate field effect transistors with a large current on-off ratio [7, 8] . This fact has motivated the study of different methods to open a band gap in graphene. The band structure of graphene is mainly governed by its special electronic properties where π and π * bands are crossing at the so called Dirac neutrality point. The opening of a gap in graphene can be realized by breaking its symmetry in various approaches: defect formation [9] , chemical dopants [10] [11] [12] , electric fields [13] [14] [15] , and interaction with gases [16] .
The noncovalent stacking of aromatic organic molecules on graphene through π-π interaction is emerging as a promising route to tailor the electronic properties of graphene [17] , motivated by the study of the interaction between large aromatic molecules and graphene [18] [19] [20] . Among all possible aromatic molecules, porphyrins are of primary interest in molecular electronics due to their rich electronic/photonic properties (including charge transport, energy transfer, light absorption or emission) [21] . Individual porphyrin molecules physorbed on different substrates have shown that their structure can be wellresolved using scanning tunneling microscopy (STM) [22] [23] [24] . In particular, metalloporphyrins (with a metal ion at the central part of the porphyrin) have attracted much interest due to their peculiar electronic properties [21] . However, a microscopic knowledge of the topographic and the local electronic structure of physisorbed porphyrin molecules on monolayer graphene is still lacking.
In this work the π-π stacking of porphryins on graphene and its effect on the electronic properties of graphene is investigated. Two different types of porphyrin molecules, namely, iron protoporphyrin and zinc porphryins were physisorbed on CVD graphene grown on nickel. By means of a systematic statistical analysis of scanning tunnelling spectroscopy measurements, we probe the opening of an energy bandgap in graphene in the vicinity of physisorbed porphyrins. Although optical experiments (photo electron spectroscopy or UV-VIS experiments) can be useful to probe the electronic properties of a fully functionalized graphene surface, scanning tunneling spectroscopy allows one the chance to study even single molecules and to investigate of the electronic properties of the sample with high accuracy and spatial resolution.
Experiments
STM measurements were carried out using a PicoLE STM (Agilent) equipped with low tunneling current STM scanner head (type: N9501-A) and digital instrument from Agilent Technologies model N960A. STM Tips were obtained by mechanically cutting 0.25 mm Pt 0.8 Ir 0.2 wire (Goodfellow). The STM images were acquired in constant current operating mode, in air at room temperature. Typical scanning parameters to obtain STM images are in the range of 10 to 15 pA with the tip bias voltage ranging from −0.8 to −1.2 V. The STM images were treated by standard flattening procedure without further image processing treatment. The porphyrins were used without any further purification from Aldrich. A solution 1.63 mM of FePP in uvasol grade chloroform was prepared. Further, a droplet of 10 µL of the porphyrin solution was dropcasted onto CVD-graphene surface and the solvent was left to evaporate for 3h in open air condition. The same procedure was also applied for the deposition of ZnPP.
Results and Discussion
We have studied and used commercially available graphene/multi-layered graphene grown by chemical vapour deposition on polycrystalline nickel [25] . The as received samples have been first characterized by scanning tunnelling microscopy and spectroscopy. Figure 1 shows the STM topography, measured in constant current mode, of the surface of the CVD graphene on nickel, showing a characteristic rippled structure (a Moiré pattern) due to mismatching between the graphene and nickel lattices. The topographic line profile, measured along the black line in Figure 1(c) , shows the graphene atomic corrugation superimposed to the Moiré pattern of graphene (Figure 1(d) ). Iron porphyrins (FePP) are then deposited onto the CVD graphene surface by drop casting.
Figure 2(b) shows the STM topography of the CVD graphene surface after the deposition of FePP molecules. There are two main features associated with the presence of FePP molecules on the surface: small and chain-like protuberances (see Figure 2(c) ). While chain-like structures present typical lengths ranging from 4.5 nm to 7 nm and 0.6 nm in height, higher resolution images reveals that the small protuberances have a star-like shape with . The resolved six-star shape, however, do not perfectly match to the expected geometrical structure of porphyrin molecules (four-star shape).
The additional features in the observed star shape can be due to the splitting of the local density of the state (LDOS) of one phenyl ring. Another interesting finding is that FePP molecules are preferable physisorbed at the valleys of the Moiré structure of graphene (Figure 2(c) ). The origin of the chain-like structures is possibly driven by a noncovalent interaction created between the next neighboring FePP extended up to few nanometers. To evaluate further the effect of the molecule-substrate (MS) interaction, we present another example of self-assembled porphyrin on graphene using Zincporphyrin (ZnPP) molecules with a weaker interaction with the graphene surface [27] . The molecular structure is illustrated in Figure 2 (e). We deposited the ZnPP in a similar way as the FePP. The ZnPP molecule is mainly constructed of a zinc metal at the central propyrins backbone which is a rather weak transition metal in comparison to Fe. Inter- estingly, a chain-like structure was observed in the STM image (Figure 2(f) ). The chain structures of ZnPP are slightly lower in height compare to the FePP and they can be much longer (Figure 2(h) ). Petukhov and coworkers observed a similar shape in the manganese gridlike assembly molecules [28] . In this particular system, the molecular chain is governed by the coordination bond of the ligands which form a grid-like structure. Note that we could not resolve the Moiré pattern in graphene at the vicinity of the ZnPP as it is previously shown in FePP, indicating that the modification of the electronic properties induced by the physisorption of ZnPP is more extensive than that of FePP.
We expect that the two different structural arrangements of the molecules are related to the strength of the metallic centre of porphyrins. While FePP strongly interacts with graphene, resulting in the physisorption of localized individual molecules on the surface, the ZnPPgraphene interaction is rather weak and thus individual ZnPP molecules preferably interact among themselves and form large chain-like aggregates on graphene surface (Figure 2(f) ). In addition to that, the absence of phenyl rings at the corners of ZnPP did not give additional molecular rigidity of porphryins backbone.
In order to study the effect of the deposition of porphyrin molecules on the electronic properties of graphene, we used a statistical analysis of tunneling spectroscopic measurements [29, 30] . The STS measurements were carried out as follows: A total of 1000 tunneling current vs voltage traces (I-V traces) were measured at several spots on the sample by interrupting the feedback control loop during the measurements and sweeping the tip bias voltage between −1.5 V and 1.5 V (0.01 second per trace). The differential conductance vs. voltage (dI/dV vs V) was obtained by numerically differentiated the I-V traces using a moving average of 10 -20 datapoints to smooth the resulting numerical derivative. Then the whole set of 1000 (I-V and dI/dV) vs V is plotted in a 2D histogram shape which shows the distribution of the dI/dV vs V of the sample. To construct these 2D histograms, both the bias voltage and the dI/dV axes are divided into a number of bins forming a N by N matrix (200 × 200 in our case). Each datapoint whose dI/dV and V values are within the interval of one bin, adds one count to it. The number of counts in each bin was then represented with a color scale. After the deposition of FePP onto the graphene surface, we measured the I-V traces directly on top of six porphyrin molecules (one of them is indicated by the red cross in Figure 2(c) . The tunneling differential conductance at low bias shows a strong reduction (Figure 3(c) ) in comparison to pristine graphene (Figure 3(a) ). In fact, the tunneling differential conductance traces present zero conductance for a wide range in bias, a characteristic of semiconducting behaviour while for pristine graphene the low bias differential conductance value is significantly larger than zero. Surprisingly, when this measurement is repeated on graphene several angstroms away from a single porphyrin molecule (at the topmost point of Moiré as indicated by the black cross in Figure 2(c) the characteristic I-V traces (Figure 3(d) ) are different than that of pristine graphene (Figure 3(a) ). The tunneling differential conductance at low bias is strongly reduced. Indeed, we also observed a significant number of traces with zero conductance, indicating the opening of a band gap in graphene mediated by the interaction with the vicinal porphryin molecule. This modification of the electronic properties of graphene seems to be due to the adsorption of porphyrins as regions far from the porphyrins show a conducting behavior similar to pristine graphene (Figure 3(b) ).
Further, we analysed the tunneling differential conductance in the histogram bin close to zero conductance value (between 0 pS and 2.5 pS) to gain a deeper insight of the reduction of the differential tunneling conductance by the physisorption of porphyrins on graphene. Therefore, we extracted 1D histograms at zero differential conductance from the 2D histograms as presented in Figure  4 .
The 1D histogram of modified graphene (close to a physisorbed molecule) shows a reasonable number of counts that are concentrated close to the zero bias. Moreover, by fitting the 1D histogram to a Gaussian curve we estimate a bandgap value of 0.45 eV. Interestingly, although the π-π interaction with graphene is rather weak this value is quite comparable to the band gap opened in CVD graphene by the chemisorption due to hydrogen plasma treatment [29] . The semiconducting behaviour observed directly on top of the porphyrin molecules by STS is more marked and the estimated energy gap is larger (0.70 eV) (Figure 4(d) ). The 1D histograms obtained for pristine CVD graphene and for graphene far from the porphyrin molecules are similar and do not show a significant number of counts which demonstrates a fairly conducting behaviour. According to these measurements, the semiconducting behaviour observed on top of the FePP molecules physisorbed on graphene is extended to the adjacent graphene (up to 10 -20 nm in distance) while graphene far away from the molecules remains fairly conducting (as the initial CVD graphene).
We also investigate the local electronic properties of the chain-like features formed by ZnPP molecules by means of the same statistical STS approach. Figures 5(a) sharing an ohmic behaviour for low biases. In fact, the tunnelling differential conductance in Figures 5(e) and (f) shows that the minimum differential conductance value is significantly larger than zero. On the other hand, the I-V and the dI/dV spectra measured on top of the ZnPP chain structure (Figure 5(c) ) and on a graphene region 10 -20 nm close to the ZnPP molecules (Figure 5(d) ) show a strong reduction on the differential conductance with a non-negligible presence of datapoints with zero differential conductance. This resembles again the semiconducting behaviour observed on top of the FePP molecules and on graphene close to FePP molecules.
In order to estimate the band gap opening of graphene, 1D histograms were extracted from the bin with zero dI/dV value in the 2D histograms as shown in Figure 6 . Figure 6(d) shows that close to the chain of ZnPP molecules there is an accumulation of datapoints with zero differential conductance for low bias voltage, in agreement with an opening of a band gap with a value of 0.23 eV. The resulted band gap value after ZnPP deposition is almost a factor of two lower than that of FePP. This is in agreement with the fact that the semiconducting behavior measured directly on top of the chains of ZnPP molecules was less marked than that measured on top of the FePP molecules (Figure 6(c) ). In fact, the 1D histograms extracted from STS measurements on top of the ZnPP molecules show an accumulation of datapoints with zero differential conductance for a range of around 0.37 mV of bias voltage. For pristine graphene (Figure 6(a) ) and graphene far from the ZnPP molecules (Figure 6(b) ) the 1D histograms do not show any clear accumulation of datapoints with zero differential conductance, compatible with a metallic behaviour. In addition, it is unlikely that the Coulomb repulsion plays role in these types of molecules based on the theoretical calculation carried out by Panchmatia and coworkers [31] .
In general, the STS spectra show that the tunneling probability is very small in certain bias regimes for tunneling into the porphyrin molecule. The origin of this observation might be due to the existence of very localized states of Fe and/or Zn in this bias regime which prevents a tunneling event due to a Coulomb repulsion. However, this is not unlikely for these type of molecules based on electronic structure calculations by Panchmatia et al. [31] . Indeed our finding is in agreement with this calculation, if the molecule would act as a Coulomb island, the change in the electronic properties would be extremely localized in the surface and it is clearly not the case (fairly away from the molecule the dI/dVs show still a gap).
These results indicate that porphyrin molecules physisorbed on top of CVD graphene show a marked semiconducting behaviour which is extended to the vicinal graphene while the graphene far from the porphyrins remains fairly conducting. Moreover, the magnitude of the opened band gap depends on the strength of the molecule-graphene interaction which can be engineered by a proper selection of the porphyrin metal core [32] [33] [34] . The effect which is presented in our work is very local. Therefore, the transport measurements would require a fully covered graphene to observe any bandgap opening. This type of approach requires a different kind of sample compare to our findings. We believe that this is a first step towards this other proposed experiment.
Conclusions
In conclusion, we investigated the opening of a band gap in graphene by physisorption of porphyrin molecules. We have performed a statistical analysis of the tunneling spectra that allow to monitoring the opening a gap of graphene via adsorption of different porphyrin molecules (FePP and ZnPP).
We find that the presence of porphyrin molecules physisorbed on the graphene substrate induces a semiconducting behaviour in the surrounding graphene layer up to 10 -20 nm far from the molecules. Interestingly, the magnitude of the bandgap opened in graphene can be controlled via the selection of the metal core of the porphyrin molecules that determines the graphene-molecule interaction. We believe that this work will open more opportunities to build other hybrid systems based on the noncovalent π-π stacking of aromatic molecules on graphene.
